Abstract Urea is considered as the most widely used nitrogen (N) fertilizer. Unfortunately, its application is associated with losses such as emissions of ammonia (NH 3 ) and nitrous oxide (N 2 O) in a gas form. In addition to the economic loss, such N losses may threaten atmospheric quality. Application of both urease and nitrification inhibitors is advocated as an approach to mitigate these gaseous losses. Thus, laboratory studies were carried out to evaluate the effects of urease inhibitor-coated urea, nitrification inhibitor-coated urea, and other modified urea fertilizers on NH 3 volatilization and N 2 O gas emissions in selected anaerobic rice soils. Copper (Cu) and Zinc (Zn) were selected as urease inhibitors and DMPP (3,4-dimethylpyrazole phosphate) as nitrification inhibitor. Nitrogen fertilizer treatments used were urea, Cu-coated urea (CuU), Zn-coated urea (ZnU), Cu + Zn-coated urea (CuZn), DMPP-coated urea (DMPPU), DMPP + Cu + Zn-coated urea (DMPPCuZn), OneBaja, sulfur-coated urea (SU), and dolomite-coated urea (DU). Results demonstrated that CuU, ZnU, DMPPCuZn, SU, and OneBaja were effective in reducing NH 3 volatilization by 12.12-37.48 % compared to urea, while DMPPU had no effect on NH 3 volatilization. Meanwhile, sulfur-coated urea (SU), CuU, ZnU, CuZn, OneBaja, DMPPU, and DMPPCuZn reduced N 2 O emission over urea by 14.86, 17.57, 21.62, 29.73, 29.73, 33.78, and 48.64 %, respectively. These results suggest that using Cu, Zn, or combinations of DMPP, Cu, and Zn is recommended as an alternative to mitigate both NH 3 volatilization and N 2 O emission, in addition to providing positive impact to environment.
Introduction
Urea is particularly popular in developing countries due to its advantages of high nitrogen (N) concentration, cheap sources, and ease of handling. Nevertheless, the complex nature of N transformation in soils, together with suboptimal fertilizer management practices Sutton et al., 2013) , has led to low N use efficiency. These factors have mainly contributed to a proliferation release of nitrogenous gasses due to losses through different mechanisms, namely as ammonia (NH 3 ) volatilization and nitrous oxide (N 2 O) emissions to the atmosphere (IPCC, 2007) . Besides the significant economic loss for the farmers, such N losses may serve as a major contributor that has detrimental negative impacts on atmospheric quality (EPA, 2011) and human health as 70 % of N 2 O and 90 % of NH 3 emissions are reported to be from land-use activities (Zaman & Blennerhassett, 2010) . Gaseous N emissions following urea application have extensively been studied (Cao et al., 2013; Khanif, 1992) .
Ammonia volatilization is a main pathway of N loss from soils. Ammonia volatilization ranges from 0.5 to 53.0 % of N applied on Malaysian soil studied (Khanif, 1992) . Large amounts of NH 3 emitted from soil result in high N load to the environment through atmospheric transportation and deposition processes. Although NH 3 is not a greenhouse gas, it can degrade water and air quality (Galloway et al., 2003) . Ammonia, when dissolved to downward terrestrial and aquatic ecosystem, causes eutrophication (Matson et al., 1997) and brings negative changes in aquatic environments such as depletion of oxygen (O 2 ) in the water and reduced water quality (Keeney & Nelson, 1982) . In addition, after deposition on land, NH 3 produces N 2 O through the microbial processes which contribute to global warming as well (Martikainen, 1985) .
The use of urease inhibitors is an effort to retard the hydrolysis process which effectively inhibits the increase of NH 4 in soil and further reduces NH 3 volatilization from urea (Abalos et al., 2014) . A study by Tabatabai (1977) demonstrated that trace elements such as copper (Cu), cadmium (Cd), iron (Fe), and zinc (Zn) can act as urease inhibitors and therefore inhibit hydrolysis process. Numerous compounds such as N-(n-butyl) thiophosphoric acid triamide (NBPT) have been tested for their potential as urease inhibitors; however, studies of the effects of Cu and Zn on urease inhibitory activity are very limited and have seldom been reported, especially on rice soil.
The increment in N fertilization is directly related to the proliferation of N 2 O emissions from agricultural soils (Gandahi et al., 2015; Kroeze et al., 1999) . Nitrous oxide is mainly produced through the microbial processes of nitrification and denitrification in soil. Nitrous oxide is one of the greenhouse gasses that contributes to global warming and ozone depletion, contributing about 6 % to the anthropogenic greenhouse effects, and it has approximately 300 times the global warming potential of carbon dioxide (CO 2 ) with a lifetime of 150 years (IPCC, 2007) .
In order to reduce N 2 O emission, the application of nitrification inhibitor is a useful approach. Nitrification inhibitor suppresses the nitrification process in soil by temporarily delaying the bacterial oxidation of the NH 4 to NO 2 which is the first step of the nitrification process (Macadam et al., 2003; Zerulla et al., 2001) . A number of studies carried out have shown that nitrification inhibitors such as 3,4-dimethylpyrazole phosphate (DMPP), nitraphyrin, and dicyandiamide (DCD) can reduce N 2 O emissions (Barneze et al., 2015; Migliorati et al., 2014; Zhang et al., 2015) . Among nitrification inhibitors, DMPP has been reported by many authors as the most efficient in slowing nitrification and reducing N 2 O loss Weiske et al., 2001 ). In addition, DMPP can be applied at the rates of 10 times less than DCD (Abalos et al., 2014) . However, the results are not consistent, with majority of the studies were limited in the temperate region, where the performance of DMMP, DCD, and nitraphyrin is influenced by soil properties (pH, organic carbon, mineral N status) and climatic factors Suter et al., 2010) . On the other hand, the use of nitrification inhibitors prolongs the retention period of NH 4 -N in soil and, therefore, enhances NH 3 emission (Zaman et al., 2009) , which can indirectly contribute to global warming, as mentioned earlier on.
To develop a mitigating strategy to reduce nitrogenous gasses loss, it is required to evaluate both nitrogenous gasses loss instead of focusing on only one aspect and leaving the other. A combination of nitrification and urease inhibitor has been suggested as a potential alternative to reduce nitrogenous gas losses (Zaman et al., 2009; Zaman & Blennerhassett, 2010) . However, there are currently no studies on the combination of Cu, Zn, and DMPP, and their effects on nitrogenous gas losses specifically on rice soil.
Binding urea with biochar is one of the potential technologies to improve the efficiency of urea fertilizer and reduce N losses. Biochar is a carbon-rich solid material derived from the pyrolysis of agricultural biomass (Yang et al., 2015) . Biochar has a potential in increasing soil fertility, as well as promoting plant growth (Laird et al., 2010 ). In the current study, biochar is introduced as a green binder to bind with urea for the purpose of slowing down the mineralization and nitrification of urea . Biochar-impregnated urea treatment is termed as OneBaja for the current study. In addition, the use of slow release nitrogenous fertilizers such as sulfur-coated urea and dolomite-coated urea is an alternative strategy to slow down hydrolysis of urea and abate N losses (Trenkel, 2010) .
With regard to environmental issues, there is a need to perform a study on urease inhibitor, nitrification inhibitor-coated urea, and other modified urea fertilizers. The objectives of this study were to evaluate the effects of Cu, Zn as urease inhibitors, DMPP nitrification inhibitor, and a combination of Cu, Zn, and DMPPcoated urea, biochar-impregnated urea, sulfur-coated urea, and dolomite-coated urea on NH 3 volatilization and N 2 O gas emissions under different anaerobic rice soils.
Materials and Methods

Soil Sampling
Two different rice soil types (Selangor and Chempaka soil series) were selected to represent two major groups of rice soil in Peninsular Malaysia. The two soil types were used in this study because they are different in terms of their origin, parent materials, as well as chemical and physical properties which might influence urea hydrolysis, emissions of NH 3 , N 2 O, and the possibility of interaction among soil types. Selangor soil was taken from a rice-growing area at Sungai Besar Selangor, while Chempaka soil was collected from a ricegrowing area in Kelantan. The soils were sampled from 0 to 20-cm depth. Description of the soils, used together with selected physical and chemical properties, is presented in Table 1 . The soils were analyzed for the following: (i) soil texture was determined by USDA soil textural triangle, (ii) soil pH measurement was done in 1:2.5 (soil: distilled water), (iii) total carbon-analyzed by combustion method using TruMac CNS Analyser, (iv) cation exchange capacity (CEC), and exchangeable bases were determined by ammonium acetate method (Schollenberger & Simon, 1945), (v) total N was determined by the salicylic acid digestion Kjeldahl procedure (Bremner & Mulvaney, 1982) , and (vi) NH 4 -N concentration in soils (Keeney & Nelson, 1982 , respectively (Dobermann & Fairhurst, 2000) . Dimethylpyrazol phosphate was coated on urea with a mass ratio of 0.46 % (DMPP : urea) based on the previous study by Liu et al. (2013) , which equals to 1.19 kg ha -1 DMPP (Table 2 ). According to Zerulla (2001) , an application of 0.5-1.5 kg ha -1 DMPP is sufficient to suppress nitrification over a period of 4-10 weeks under field conditions. Nitrogen fertilizer treatments include the following: common urea, Cu-coated urea (CuU), Zn-coated urea (ZnU), Cu + Zn-coated urea (CuZn), DMPP-coated urea ( D M P P U ) , D M P P + C u + Z n -c o a t e d u r e a (DMPPCuZn), OneBaja, sulfur-coated urea (SU), and dolomite-coated urea (DU). Copper-coated urea, ZnU, CuZn, DMPPU, and DMPPCuZn were prepared in the laboratory, while OneBaja was prepared and provided by Universiti Teknikal Malaysia Melaka (UTEM); SU and DU were prepared and provided by Petronas Malaysia. OneBaja was produced from biochar and urea, and referred to as biochar-impregnated urea. OneBaja was prepared according to the method described by Shaaban et al. (2014) , while SU and DU were prepared according to the method by Ibrahim et al. (2014) and Nur Syamimi (2015) , respectively. Sulfurcoated urea (SU), DU, and OneBaja were included in the treatments for comparison purposes since these fertilizers have different mechanisms to reduce N losses from urea fertilizer.
Mineralization of N
The effect of fertilizer treatment on mineralization of N from fertilizers was measured by using the incubation experiment and for this purpose, 576 experimental units were established. Twenty grams of air dried soils was treated with fertilizer rate 400 μg N g -1 and incubated in 250-mL volume containers for 8 weeks at room temperature. The treated soil was kept flooded. The container was regularly weighed, and water lost due the evaporation was recompensed with distilled water. The treated soil was extracted with 2 M KCl and analyzed for NH 4 -N at an interval of 1 week using steam distillation method (Keeney & Nelson 1982) .
Ammonia Volatilization Study
Ammonia volatilization from fertilizer treatments was measured by using a force draft technique for 8 weeks. The soil air chamber systems, modified from Fenn and Kissel (1973) , use a 500-mL Erlenmeyer flask as an exchange chamber and a 250-mL Erlenmeyer flask as a trapping flask. Each flask was stoppered and fitted with inlet and outlet facilities. For the exchange chamber, the chamber inlet was connected to the air pump with polyethylene tube, while the outlet of the chamber was connected to the trapping flask. The trapping flask contained a glass rod that was immersed in 2 % boric acid as a trapping solution. An exchange chamber was filled with 300 g of air dried soil, and fertilizer treatments (at a rate of 400 μg N g -1 ) were applied at each soil sample. The soil samples were kept flooded, and distilled water was added to compensate for the water loss due to evaporation. Further, to measure NH 3 volatilization, trapping solution (2 % boric acid) was titrated with 0.1 N HCL in each sample at 3-and 4-day intervals, subsequently. Ammonia volatilization was calculated as follows:
Ammonia volatilization % ð Þ ¼ ml of titration x 0:1 x 14 x 100 1000 x weight of fertilizer x N content of fertilizer
The cumulative of NH 3 volatilization throughout the study period was computed as the sum of NH 3 volatilization from the first measurement (first week) until week 8.
Nitrous Oxide Emission Study
For N 2 O emission study, the soils were incubated in 343-mL volume container. The containers were filled with 100-g air-dried soil leaving a headspace volume equals to 175 cm 2 , while fertilizer treatments at a rate of 400 μg N g -1 were added to each container. The soil samples were kept flooded, and any depleted water loss due to evaporation during the incubation period was replaced with distilled water. The containers were sealed with lid covered with vacuum grease to avoid gas leakage. The initial headspace gas concentration (time = zero, t = 0) was drawn for each sampling using airtight syringe and transferred to vacutainer. Thereafter, the containers were resealed for 6 hours between 8. 00 am to 2.00 pm. At the end of the 6-h period, a N 2 O volume of 8 mL was drawn from the headspace of each container by using air-tight syringe and transferred into in a 4-mL vacutainer that had been fitted with a rubber stopper to keep the gas under pressure (Lan et al., 2014) . After that, the container lids were removed and kept off until the next sampling to make sure that gas concentrations in the containers were equal to those from the ambient air. Headspace N 2 O was quantified daily starting from 2 h after the fertilizer application, while sampling was conducted over a period of 14 days when the greatest fluxes were expected (Liu et al., 2005) . Then, the collected gasses were analyzed using the gas analyzer model G 200. Nitrous oxide fluxes were calculated from the increase in N 2 O concentrations between t = 0 and t = 6, assuming a linear increase, according to the equation described by IAEA (1992), as follows:
), Bm is the molecular weight of N 2 O (g), Vm is the molecular volume of N 2 O at standard temperature and pressure (L), Δc/Δt is changes in the N 2 O concentration over time (ppm/hour), V is the chamber volume (m 3 ), and A is the chamber area (m 2 ). Cumulative N 2 O emissions between two successive measurements were calculated as the product of the mean flux rate and the time interval between the measurements. These were then summed to derive total cumulative gas loss for the duration of the experiment (Barneze et al., 2015) .
Experimental Design and Statistical Analysis
All the experimental units for each study were set out in completely randomized design (CRD) and replicated four times. Data were analyzed using analysis of variance (ANOVA) to detect any significant difference. The different means in the treatments were compared by using the Duncan multiple range test (DMRT). All the analyses were done using Statistical Analysis System Software (SAS).
Results and Discussion
Mineralization of N
The NH 4 -N content in the soil throughout the 8-week incubation period was found to be different among the treatments. Aside from the treatment effects, the effects of treatments and soils (t x s) were also significant during the incubation period (Table 3 ). The interaction effects of treatments and weeks (t x w) was significant (Table 4) . These indicated that response of fertilizers Table 3 Effects of urease inhibitor coated urea and nitrification inhibitor-coated urea on mean NH 4 -N concentrations in selected soils (mg kg -1 ) during 8 weeks of the incubation period varies among soil series and is different according to weeks. Generally, DMPPU had greater NH 4 -N concentration in soil, followed by urea = DMPPCuZn, DU, OneBaja, and SU (in descending order), while CuU, ZnU, and CuZn had the lowest NH 4 -N concentrations in soil (Table 3 ). The lowest concentrations of NH 4 -N from CuU, ZnU, and CuZn exhibited slow release of NH 4 -N throughout the incubation period as a result of the inhibitory of urease activity on soils, which in turn reduced the NH 4 -N concentration as hydrolysis of urea release NH 4 in soil. Conversely, an increase in NH 4 -N concentration soon after the application of uncoated urea reflects a fast hydrolysis of the applied urea. Urea, when applied to soils, rapidly hydrolyses, and this results in accumulation of NH 4 -N in soil through the hydrolytic action of urease enzyme.
The larger NH 4 concentration in soils is undesirable because it provides ideal condition to accelerate NH 3 emission and gives negative effects to N efficiency (Shang et al., 2014) . Urease inhibitors prevent or suppress over a certain of time hydrolysis process that transforms urea to NH 4 (Trenkel, 2010) . In the present study, the presence of Cu and Zn as urease inhibitors had slowed down the urea hydrolysis process, which in turn exhibited lower of NH 4 -N concentration in soils. The current results are consistent with the previous study by Junejo et al. (2012) who reported that urea coated with Cu and Zn had positive effect in reducing hydrolysis process and decreasing mineral N in soil. In addition, the study by You et al. (2010) revealed that Cu(II) complexes showed strong urease inhibitory activity.
Relatively, DMPPU produced greater NH 4 -N in soil concentration compared to urea (Table 3) . Greater soil NH 4 -N concentration is a result of nitrification inhibitory (Soares et al., 2012) . As a nitrification inhibitor, DMPP delays nitrification process that converts NH 4 to NO 2 ; thus, this increases NH 4 -N in soil and prolongs the retention period of NH 4 in soil. According to Zaman et al. (2009) , DCD (as nitrification inhibitor) did not slow urea hydrolysis but retained N in the NH 4 form that reflected the inhibiting effects on the nitrification process; hence, this resulted in the highest NH 4 -N in the current study. The results are in line with the previous reports that soil treated with DMPP had higher NH 4 concentration in soil (Xu et al., 2014) .
Meanwhile, applications of DU, SU, and OneBaja had no effects on urea hydrolysis and therefore soil NH 4 -N concentration rose in soils, similar to uncoated urea (Table 3) . Sulfur-coated urea and DU are categorized as slow release urea, fertilizer in which physical barrier controls the release of N. The N release pattern from these treatments depends on damaged of the coating; damaged coating will cause N release immediately after contact with the soil (Trenkel, 2010) . Excess manipulation and flaw during manufacturing may affect the slow release properties. In addition, no differences were found for NH 4 -N concentration in DMPPCuZn compared to urea. DMPPCuZn consists of double inhibitor which are urease inhibitor and nitrification inhibitors. The effects of double inhibitor on NH 4 -N concentration in soil were varied and inconsistent. Lower production of soil NH 4 -N by soil applied with Agrotain (urease inhibitor) + DCD was observed by Zaman et al. (2009) , who claimed that double inhibitor slowed urea hydrolysis and retained N in NH 4 -N as well. On the other hand, the study by Soares et al. (2012) revealed the increase in the concentrations of NH 4 -N in soil treated with double inhibitors (DCD and NBPT as urease inhibitors). In the current study, Cu and Zn (DMPPCuZn) might slow down the urea hydrolysis process but simultaneously retain NH 4 -N because of the DMPP inhibitory effect.
The highest amount of NH 4 -N concentration was detected for Selangor soil compared to Chempaka soil series (Table 3) . A higher amount of NH 4 -N in the Selangor soil implies that the soil exhibited the fastest transformation of urea into NH 4 form. It might be due to the urease activity that mediated the fast hydrolysis process in the Selangor soil relative to Chempaka soil. Urease activity is normally influenced by soil properties, and it has been proven to have positive correlations with organic carbon, CEC, silt, and clay content (Singh et al.,1991) and total N (Speir et al., 1980) . Chempaka soils had lower CEC, clay, and total N than Selangor soil (see Table 1 ), which leads to lower urease activity and lower hydrolysis process. Ammonium concentrations in soil over the 8-week incubation period are presented in Table 4 . The interaction effect of the treatments and weeks (t x w) was found to be significant. This finding indicated that the response of fertilizers on NH 4 -N concentration varied from week to week throughout the incubation period. The gradual decline of NH 4 -N with time might be as a result of NH 3 volatilization and nitrification process (Zaman et al., 2009 ). In general, NH 4 -N concentrations were lower in CuU, ZnU, and CuZn (ranging from 175.37 to 330.02 mg kg ) for the early and middle sampling periods, which were from the first until the fourth week. After those periods of time, the difference between urea and CuU, ZnU, CuZn was not significant. With the exception of DMMPCuZn, the rate of urea hydrolysis was slower in the soil treated with Cu and Zn during week 1 to week 4. Higher NH 4 -N concentration reflects a rapid hydrolysis of urea in soil.
Ammonia Volatilization
Ammonia volatilization following urea application is one of the main pathways for N losses (Li et al., 2008) . The rate of urea hydrolysis is related to the rate of NH 3 loss as urea could induce NH 3 volatilization by producing NH 4 -N and OH via quick hydrolysis (Rochette et al., 2009) .
The effects of applying urease and nitrification inhibitors on NH 3 volatilization are shown in Fig. 1a , b, c, d and Table 5 . Most of NH 3 loss from fertilizers occurred during the first week after fertilizers application probably attributable to fast hydrolysis process (Zaman et al., 2009 ). The NH 3 volatilization continued to reduce after week 1. For the Selangor soil (Fig. 1a, b) , all the treatments indicated that the peak of NH 3 volatilization occurred during the first week after fertilizers application, followed by a sharp decrease afterward, which might have been caused by nitrification and denitrifcation losses which is consistent with the finding of Yang et al. (2015) . It has been reported that NH 3 volatilization reached the maximum within 3 and 5 days after the fertilization and subsequently it decreased (Shang et al., 2014; Sun et al., 2015) . For the Chempaka soil, all the treatments (except for SU, CuZn, and DMPPCuZn) reached the maximum NH 3 volatilization within 1 week after the application of fertilizer and then a week later, the volatilization of NH 3 gradually dropped. The maximum NH 3 volatilization occurred 2 weeks after fertilizer applications for the SU, CuZn, and DMPPCuZn treatments. Delayed emission peak might be due to the slower urease activity in the Chempaka soils. As mentioned earlier, urease activity contributed to the fast hydrolysis process in the Selangor soil relative to Chempaka soil that might have enhanced earlier release of NH 4 -N in the Selangor soil for all the treatments. Rapid urea hydrolysis and NH 3 volatilization were measured in soils that had greater urease activity (Khanif, 1992) .
Cumulative NH 3 volatilization measured throughout the 8-week period is presented in Table 5 . There is a difference observed between the treatments for cumulative NH 3 volatilization, although no interaction effect was detected between the treatments and soil (t x s). Irrespective of the soil series, the highest cumulative NH 3 volatilization loss was obtained from DMPPU, urea, and DU, while urea coated with Cu and Zn showed obvious reductions of cumulative NH 3 volatilization loss. At the end of the experiment, cumulative NH 3 volatilization from DMPPU, urea, and DU reached 50.91, 49.17, and 47.38 %, respectively, whereas the volatilization from CuZn, CuU, ZnU, and DMPPCuZn Table 4 Effect of urease inhibitor coated urea and nitrification inhibitor-coated urea on mean NH 4 -N concentration in soil throughout the incubation period (mg kg Specifically, compared to urea, CuZn reduced NH 3 volatilization by 34.70 %, whereas DMPPCuZn only reduced NH 3 volatilization by 14.83 %. These clearly indicated that when both nitrification and urease inhibitors (DMPPCuZn) were coated with urea, the reduction of NH 3 losses was less pronounced than when urea and urease inhibitors were used alone (CuU and ZnU and CuZn). The presence of DMPP in DMPPCuZn might offset the beneficial effects of Cu and Zn in reducing NH 3 volatilization. Current results are confirmed in a previous study by Soares et al. (2012) , where urease inhibitor reduced NH 3 volatilization in the presence of nitrification inhibitor although the effect was less compared to urease inhibitor alone.
Nitrification inhibitor coated with urea (DMPPU) shows no difference in NH 3 volatilization compared to urea alone, although there was a higher NH 4 -N concentration in the soil treated with DMPPU. Previous research demonstrated that addition of DMPP had no effect on NH 3 volatilization from urea (Li et al., 2009;  Xue et al., 2013) . However, several studies (Gioacchini et al., 2002; Soares et al., 2012; Zaman et al., 2009 ) reported higher NH 3 losses when nitrification inhibitor (DCD) was used due to the greater NH 4 -N in soil. The effects of nitrification inhibitor most likely depend on experimental condition, rate of inhibitor (Soares et al., 2012) , environmental condition, management factors of the studies (Abalos et al., 2014) , and types of inhibitor. In the current study, DMPP dosage was reduced to as low as 0.46 %, in contrast to the previous study by Soares et al. (2012) , where DCD was rated as high as 5 %. Furthermore, the study by Gioacchini et al. (2002) used high pH soil; a high pH is a condition that accelerates transformation of NH 4 -N to NH 3 whereas in the current study, the soil is acidic (see Table 1 ), in which the NH 4 -N is more stable (Soares et al., 2012) . The same condition goes to DMPPCuZn, although greater NH 4 -N was released in the soil caused by nitrification inhibitory effect. However, this treatment reduced NH 3 volatilization as a consequence of the urease inhibitory effect. OneBaja and SU exhibited significant reduction effects on NH 3 loses. Sulfur content in SU controls the pH increment in the urea microsite, which is the factor mostly contributes to the volatilization loss. As discussed earlier on, OneBaja was prepared from biochar. The surface function groups of biochar help to retain more NH 4 -N on its surface provide less NH 4 for volatilization process.
Soil series exhibited a significant effect on NH 3 losses in soil (Table 5) . Meanwhile, cumulative NH 3 volatilization loss for the Selangor soil was 35.57 % and cumulative NH 3 volatilization was 47.99 % in the Chempaka soil. The reduction of 8.76 to 52.46 % was measured for the Selangor soil, and this was 17.63 to 33.63 % for the Chempaka soil. Emissions of NH 3 were influenced by soil pH and CEC (Cameron et al., 2013) . Soil cation exchange retained NH 4 -N on the surface of clays and organic matter. This mechanism helps to reduce NH 4 -N concentration in the soil, hence reduces NH 3 volatilization. Greater CEC helps to buffer the increment of soil pH, whereby smaller increases of pH were observed during urea hydrolysis in clay soil with high CEC (Cameron et al., 2013) . For the current study, greater NH 3 loss in Chempaka was probably due to the soil texture and CEC since the pH value of these two soils was similar. In particular, Selangor soil had more clay and CEC. On the other hand, Chempaka soil is a silt clay soil type which has less CEC. The highest cumulative NH 3 loss was found in sandy soil with low CEC (Junejo et al., 2012) .
Nitrous Oxide Emission
Nitrous oxide concentration in the atmosphere continues to increase at a rate of approximately 0.2 % per year (IPCC, 2007) . Although denitrification is a common dominant pathway responsible for N 2 O emissions from soils, (Knowles, 1982) , N 2 O can still be produced by nitrification process .
A peak of N 2 O flux was initially recorded immediately after fertilizers application with the majority of N 2 O emission occurring during the first 3 days after applying fertilizers for both soil series (Fig. 2) . For most of the treatments, daily N 2 O flux generally increased rapidly, reaching the maximum during the first 24 h of treatments. After the maximum peak, the N 2 O flux from all the treatments for both the soil types declined rapidly by the end of the incubation period. This observation is in accordance with a previous study by Lan et al. (2014) which revealed that the maximum N 2 O flux was reached after the first day of incubation experiment in rice soils and it started to decline after that.
The highest peak value of the N 2 O flux for urea is clearly superior compared to the other treatments (except DU). The highest peak N 2 O flux by urea was ). For DMPPU and DMPPCuZn, the N 2 O emissions were not detected after day 9 and day 7 respectively due to the significant inhibition effects of nitrification inhibitor and double inhibitor, respectively. DMPP, as the nitrification inhibitor, suppresses the first step of nitrification by inhibiting the activity of Nitrosomonas, the bacteria responsible for oxidizing NH 4 to NO 2 and delaying nitrification mechanism (Zerulla et al., 2001 ) and therefore minimizing the loss of N 2 O during nitrification and denitrification.
The study was over a relatively short period where the N 2 O fluxes were significant up 14 days and were not detectable thereafter. This occurred mainly due to the flooding conditions or the highly reduced condition in the treated soils. Under highly reduced condition of rice soils, nitrification process is restricted to the aerobic soil layer as nitrification is influenced by O 2 supply (Mikkelsen et al., 1995) ; whereas minimum NO 3 (nitrification product) will lead to a minimum denitrification and subsequently minimum N 2 O emissions. Furthermore, large portion of N 2 O produced by denitrification is rapidly reduced to N 2 (Datta & Adhya, 2014) since the more anaerobic the environment, the greater the N 2 production (Prasad & Power, 1997) . For this reason, (Table 6 ). Across the soil series, all the coated urea (except DU urea) managed to decrease N 2 O emission as compared to the uncoated urea with the reduction of 14. 86, 17.59, 21.62, 29.73, 33.90, 29.73, and 48 .64 % for SU, CuU, ZnU, CuZn, DMPPU OneBaja, and DMPPCuZn, respectively. Thus, these treatments have potential to decrease greenhouse gas which is responsible for global warming. Nitrous oxide may be emitted in a relatively small amount but its impacts are more severe than other greenhouse gasses due to its very high global warming potential of 300 than that of CO 2 (IPCC, 2007) .
Meanwhile, treatments that consisted of double inhibitor reduced N 2 O emission over urea treatment. Lowest emissions with DMPPCuZn were due to the additional advantage of hydrolysis inhibition of urea, along with the inhibition of nitrification, limited production of NH 4 by the actions of Cu and Zn, and followed by NH 4 retention by the action of DMPP. Urea coated with DMPP (DMPPU) produced lower N 2 O emission as well. The explanation for lower N 2 O emission of these treatments was its effectiveness to inhibit nitrification. As mentioned, DMPP delays the transformation of NH 4 to NO 2 , causing it to stabilize the NH 4 concentration and consequently reduce the conversion of NO 2 to NO 3 .
Copper-coated urea, ZnU, and CuZn treatments recorded lower mean N 2 O fluxes than those obtained from the uncoated urea, regardless of soil series. Copper and Zn in these treatments eliminated hydrolysis process, and this resulted in reduction of NH 4 concentration in soil (Table 6 ). According to Zaman et al. (2009) , N 2 O emissions after N applications were related to the N transformation processes, which are urea hydrolysis and release of NH 4 . Lower emissions of N 2 O by CuU, ZnU, and CuZn reflected the smaller amounts of NH 4 production in soil. The current finding is in a manner similar to that established by Singh et al. (2013) in which commercial urease inhibitor named Agrotain reduced N 2 O emission from soil.
For the Selangor soil series, OneBaja shows no emission peak. OneBaja is a biochar-impregnated urea. The reasons for the decline in N 2 O emission from OneBaja are the reduction in quantity of NH 4 that is available for denitrification as adsoption and retention of NH 4 is enhanced in biochar-treated soil (Steiner et al., 2010) . The surface function groups of biochar such as carboxylic, phenolic, lactone, pyranose, carbonyl, and quinones improved the cation exchange capacity (Rao, 2012) and therefore retained more NH 4 . Data for the current study are in line with the previous report by Zhang et al. (2010) , which showed 40-50 % decreases in N 2 O emissions from amended biochar soil.
With respects to soil series, Chempaka soil contributed to more N 2 O emissions relative to Selangor soil. Nitrous oxide emission is influenced by soil mineral N content (Firestone et al., 1980) . As stated earlier, Chempaka soil had lower CEC, and this contributed to greater available NH 4 undergoing nitrification and further denitrification processes. On the other hand, Selangor soil is clayey soil and may retain more NH 4 to the soil particle.
Conclusion
Urea coated with Cu, Zn slowed urea hydrolysis and slowed down the release of NH 4 in soils because of the inhibitory effects of Cu and Zn on urease activity, while DMPP did not have any effect on urea hydrolysis although it retained applied N in NH 4 form in soil. Coated urea with Cu, Zn was effective in reducing both NH 3 volatilization and N 2 O emission. DMPP coated with urea did not influence NH 3 volatilization but was effective in reducing N 2 O emission. Dolomite-coated urea (DU) did not exhibit any improvement in reducing urea hydrolysis and mitigating both N gaseous losses. OneBaja and SU inhibitor reduced both the emissions of NH 3 and N 2 O. Nitrification, in combination with urease inhibitor (DMPPCuZn) treatment, effectively abated the emissions of both NH 3 and N 2 O. Hence, the findings of this study suggest that using Cu and Zn or a combination of double inhibitors might alleviate both NH 3 volatilization and N 2 O emission, while mitigating nitrogenous gasses which have a detrimental effect on the environment at the same time.
